Animal insulinoma cell lines are widely used to study physiological and pathophysiological mechanisms involved in glucose metabolism and to establish in vitro models for studies on -cells. In contrast, human insulinoma cell lines are rarely used because of difficulties in obtaining and culturing them for long periods.
Introduction
Animal insulinoma cell lines like RINm5F (Gylfe & Hellman 1980 , Trautman & Wollheim 1987 , Ins-1 (Frödin et al. 1995 , Verspol et al. 1995 , or HIT , Hill et al. 1987 ) are widely used to study both physiological and pathophysiological mechanisms involved in glucose metabolism and to establish in vitro models for the -cell damage occurring in insulin-dependent diabetes (IDDM) (Atkinson & Maclaren 1994) . In contrast, human insulinoma cell lines are rarely used because of difficulties in obtaining and culturing them for long periods (Adcock et al. 1975) .
We have isolated and established a long-term culture of a human insulinoma cell line denominated CM that was originally obtained from peritoneal ascites of a patient affected by a primary pancreatic insulinoma (Gueli et al. 1987) . This cell line grows spontaneously in vitro. So far, the CM line has been studied mainly for its antigenic properties with the purpose of establishing an in vitro model to investigate the immune mechanisms leading to -cell destruction in IDDM (Cavallo et al. 1996) .
Studies on early-passaged cells provided evidence that insulin and C-peptide were detectable in the supernatants of CM cell culture (Cavallo et al. 1992) , and since then the CM cells have undergone several passages. The CM cell line is routinely cultured in standard medium containing high glucose concentration (11 mM). High glucose in the culture medium and the number of passages are factors known to affect insulin secretion, as described for other insulinoma cell lines (Robertson et al. 1992) .
One characteristic of a functioning -cell system is the adequate response to the physiological stimulus of glucose. Reports from different insulinoma cell lines differ remarkably in that either relatively high glucose concentrations have to be used to stimulate insulin secretion or the quantitative output of insulin is rather low (Chick et al. 1973 , Gazdar et al. 1980 . The effect of glucose on insulin synthesis has been studied by Robertson et al. (1992) , showing that long-term exposure of the HIT-15 cell line to high concentrations of glucose (11 mM) determines a significant decrease in insulin secretion and gene expression. However, insulin mRNA, insulin content and secretion could be restored by culturing the cells in medium containing low glucose concentrations.
Another system involved in the secretory process of insulin is the cAMP system that can be stimulated by either direct stimulation of adenylate cyclase or inhibition of phosphodiesterase. Again, variable results are reported for the insulinoma cell lines described (Hill et al. 1987) . Furthermore, this system is involved in the stimulussecretion coupling of various physiological stimuli of insulin secretion such as glucagon and glucagon-like peptide-1 (GLP-1). For this reason these two alternative pathways were investigated with the CM cell line.
The aim of our study was to investigate, under different experimental conditions, the capacity of CM cells from long-term culture to retain -cell function, in particular the expression of constitutive -cell genes (insulin, the glucose transporters GLUT1 and GLUT2, glucokinase (GCK)), intracellular and secreted insulin, -cell granules and cAMP content.
Materials and Methods

Cell culture
The CM cell line grows routinely as an adherent semiconfluent monolayer. Cells were cultivated in 5% CO 2 /95% humidified air at 37 C in RPMI 1640 medium (Gibco BRL, Eggenstein, Germany; without glucose, without -glutamine) supplemented with 5% fetal calf serum, 2 mM -glutamine, 1% antibiotics cocktail (10 000 units penicillin+10 mg/ml streptomycin) and 11 mM glucose. Cells were split weekly using trypsin-EDTA, and fed every two days by changing the medium. Prior to all experiments, cells from passage 70 that were routinely grown at 11 mM concentration, were split and gradually transferred in medium containing lower concentrations of glucose until the culture was settled at 0·8-1 mM glucose. CM cells were then cultured for another 8 weeks before being used in all the studies. Cells were used after reaching confluency.
Insulin secretion and insulin content
Insulin secretion of CM cells was examined in response to glucose, forskolin (Sigma, St Louis, MO, USA) and -arginine (Serva, Deisdenhofen, Germany). For this purpose cells grown in media containing either 0·8 mM or 11 mM glucose were seeded in 12-well plates (Corring Costar, Milano, Italy; 100 000 cells/well) and used after two and three days respectively, when they had reached confluency. Cells were washed once with glucosefree Krebs-Ringer-bicarbonate-Hepes buffer (KRBH: 134 mM NaCl, 3·5 mM KCl, 1·2 mM KH 2 PO 4 , 0·5 mM MgSO 4 , 1·5 mM CaCl 2 , 5·0 mM NaHCO 3 , 10·0 mM Hepes, 0·1% BSA; pH 7·4) and incubated for 4 h at 37 C with KRBH (0·5 ml/well) supplemented with the different test compounds. In addition, experiments were performed after seeding cells in plates that were coated with the extracellular matrix protein, fibronectin (10 µg/cm 2 ). In another set of experiments cells were preincubated for 24 h with transforming growth factor (TGF)-1 (PBH, Hannover, Germany) or butyric acid sodium salt (Fluka, Neu-Ulm, Germany) before they were stimulated with the above mentioned test compounds.
The insulin content of the incubation medium was then either directly analysed by radioimmunoassay (DPC/ Biermann, GmbH, Bad Nauheim, Germany; Coat-acount human insulin-RIA; Linco Research Inc., St Louis, MO 63304, USA: Ultra sensitive insulin RIA) or concentrated with centricon-3 prior to analysis (Amicon, Stonehouse, UK; 3000 molecular weight cut-off ). To determine the insulin content of CM cells, they were stimulated as described above. Afterwards, cells were incubated for 15 min at room temperature with 300 µl/ well extraction solution composed of 1·5% HCl (37%), 18·5% H 2 O and 80% ethanol (95%). The same volume of 0·1 M NaOH was added before the insulin content of the extract was analysed by radioimmunoassay. The same experiments were performed with the rat insulinoma cell line Ins-1 (passage 40, kindly provided by Dr C Wollheim, Geneva, Switzerland).
Immunostaining for insulin
CM cells were frozen in culture medium and cryostatic sections were coated onto poly--lysine (Sigma) slides and fixed in ice-cold acetone for 10 min. The endogenous peroxidase activity was blocked with 1 ml H 2 O 2 (30%) in a coplin jar of methanol for 20 min. After washing in PBS the sections were pre-incubated with normal rabbit serum (Dako, Copenhagen, Denmark) (1:20 in PBS buffer) for 15 min. The sections were washed again with PBS buffer and incubated with guinea-pig anti-bovine insulin (1/500 dilution in PBS) overnight at 4 C.
The sections were then washed in PBS 4 times and incubated with rabbit anti-guinea-pig IgG-peroxidaseconjugated (Dako) (1/100 dilution) for 20 min at room temperature. After 4 washes in PBS the enzyme reaction was developed using the diaminobenzidine (Sigma) substrate and H 2 O 2 (25 µl) for 3 min at room temperature. The sections were rinsed in tap water, counterstained in haematoxylin for 1 min, and mounted in DePeX (BDH, Merck, Milan, Italy). Mouse pancreas sections were used as positive control and normal guinea pig pre-immune serum (Dako) was taken as negative control.
Electron microscopy
Ultrastructural analysis of CM cells was performed according to Groudin & Beaudoin (1996) . Briefly, cells were pelleted and fixed in 2·5% glutaraldehyde prepared in 0·1 M sodium cacodylate buffer (pH 7·4) for 1 h, and postfixed in 2% osmium tetroxide in the same buffer at room temperature. Cells were dehydrated in ethanol and embedded in Epon 812. Thin sections were double stained in uranyl acetate and lead hydroxide.
RNA expression studies
Total cellular RNA was extracted from 2-3 10 7 CM cells with the guanidinium-isothiocyanate method (Chomczynski & Sacchi 1987) . For Northern blotting, 10 µg total RNA were fractionated on 1·5% agaroseformaldehyde gel and transferred onto nylon filters. For Slot-blot analysis, 5 µg total RNA were immobilised on nylon filters using a Slot Blot Minifold apparatus. All experiments were performed in duplicate.
The probes for the insulin gene, the glucose transporter genes GLUT1, GLUT2, GLUT3, GLUT4, the glucokinase gene, and the -actin gene were labelled by the random priming method with 32 P-dCTP. Nylon filters (Amersham International, Amersham, Bucks, UK) were hybridised with all probes following the manufacturer's instructions. After hybridisation, the filters were visualised by autoradiography. The relative abundance of messenger RNA for each gene was quantified by densitometric scanning, comparing the [expressed gene]/[ -actin] ratio at time 0 to the ratio at 48 h.
cAMP content CM cells, grown in media containing either 0·8 mM or 11 mM glucose, were seeded in 12-well plates (Costar; 100 000 cells/well) and used after three days when they reached confluency. They were washed once with 1·0 ml/ well KRBH. New prewarmed buffer, supplemented with 11 mM glucose and 0·8 mM isobutyl-methyl-xanthine (Sigma), was added in a total volume of 1·0 ml/well. Test compounds were dissolved and diluted in dimethyl sulphoxide in the case of forskolin (Sigma), or KRBH if GLP-1 (Saxon Biochemicals GmbH, Hannover, Germany), glucagon (Sigma), or exendin-4 (Sigma) were used as stimulators. Cells were incubated for 10 min at room temperature before the incubation medium was decanted and were lysed for 15 min with 200 µl/well 1 M HCl. The lysate was then neutralised with the same volume of 1 M NaOH and the cAMP content determined by a 125 I-cAMP radioimmunoassay (DuPont NEN Research Products, Bad Homburg, Germany). As a control system the Ins-1 cell line was used under the same assay conditions.
Results
Insulin secretion and insulin content of CM cells
Glucose in concentrations of 1, 5, 11, and 22 mM was added to confluent cells. After 4 h at 37 C the insulin secreted into the medium was determined. There was no insulin secretion in response to increasing glucose concentrations. Even under conditions when CM cells were preincubated in high (11 and 22 mM) glucose medium, insulin secretion was not detected. In contrast, cells of the rat insulinoma cell line Ins-1 showed a substantial increase in insulin secretion in response to increasing concentrations of glucose under the same experimental conditions (Fig. 1) . For further experiments, CM cells were subcultured for three weeks in 'normoglycemic' medium (5 mM glucose). They were stimulated with 11 mM glucose and 0·1 mM forskolin in KRBH for 4 h at 37 C. Supernatants were then concentrated about 15-fold and the insulin content was determined by RIA with an approximate 10-fold greater sensitivity compared with the assay used previously. In spite of the fact that forskolin led to an increase in cAMP concentration, and the use of a highly sensitive assay, no insulin secretion was detected. In contrast, stimulation of Ins-1 cells with forskolin under identical conditions led to a 2-fold increase in insulin secretion (basal: 30·68 µIU/ml; stimulated: 60·46 µIU/ ml). To evaluate whether the missing insulin secretion of CM cells was due to a defect in the secretory process, the intracellular insulin content of the cells was examined. As shown in Fig. 2 insulin was indeed measurable at a concentration of approximately 70 µIU/ml. However, this concentration was 10-to 20-fold lower than in the rat insulinoma cell line Ins-1. Because the data clearly showed the presence of insulin within the CM cells, further studies were performed investigating the influence of differentiation factors upon insulin secretion of these cells. In one experiment, cells grown in media containing 0·8 mM and 11 mM glucose were seeded in plates coated with the extracellular matrix protein, fibronectin. Fibronectin is known to be involved in cell-matrix interactions and can support both the differentiation and survival of cells by signal transduction pathway (Aoshiba et al. 1997) . In another set of experiments, cells were preincubated for 24 h with other differentiation factors, such as 1 mM butyric acid sodium salt or 1 and 10 ng TGF-1 (Pouillart et al. 1992 , Arias & Bendayan 1993 , Hao & Palmer 1995 , before being stimulated with 5 mM glucose and 0·1 mM forskolin or 10 mM -arginine. -Arginine leads to membrane depolarisation and hence induces insulin secretion in pancreatic beta cells (Larsson & Ahren 1995 , Mc Clenaghan et al. 1996 .
Neither compounds nor pretreatment led to a significant increase in insulin secretion, although an ultrasensitive human insulin radioimmunoassay was used for analysis.
Immunostaining for insulin CM cells exposed to 11 mM glucose concentration did not show any staining (Fig. 3B) . However, the presence of insulin in CM cells after culture in 0·8 mM glucose was demonstrated by immunoperoxidase staining (Fig. 3A) . The same positive results were obtained when the CM cells cultured in 0·8 mM glucose were exposed to 11 mM glucose for 48 h, although the staining was weaker than CM cells cultured in 0·8 mM glucose. Finally, images by electron microscopy of late-passaged CM cells as opposed to early-passaged CM cells (Gueli et al. 1987) did not show the presence of typical secretory granules of -cells stained with immunogold at any glucose concentration. This suggests that the mechanisms by which insulin is stored in granules are altered in CM cells.
RNA expression studies
Three sets of experiments were performed for most genes.
Experiment 1: a preliminary study of the RNA expression of the insulin, GLUT2 and GLUT1 genes was performed in CM cells from an early-passage (30th passage) cultured at physiological (5·5 mM) glucose concentration. At time 0 glucose concentration was changed to 0·8 mM, 11 mM, and 22 mM. RNA was extracted at time 0 (5·5 mM) and after 48 h. This time was chosen after earlier experiments demonstrated the maximal expression of genes after 48 h. The insulin gene mRNA from experiment 1 showed a significant increase after 48 h at 22 mM glucose (Fig. 4) . The GLUT1 gene mRNA in experiment 1 did not show any significant change at all glucose concentrations (data not shown). The GLUT2 gene mRNA showed a modest increase at 11 and 22 mM over basal values (data not shown). These results confirmed that early-passaged CM cells have the capacity to respond to glucose stimulation.
Experiment 2: the RNA expression was measured in late-passaged CM cells cultured in 5·5 mM glucose for 4-6 weeks. At time 0 the glucose concentration was changed to 0·8 mM, 11 mM, and 22 mM; RNA was measured at time 0 and after 48 h. The insulin gene expression did not show any significant changes after 48 h (data not shown). Also GLUT1 and GLUT2 genes mRNA expression did not show any significant change at any glucose concentration (data not shown).
A comparison of the different expression of GLUT1, GLUT2, and insulin genes between early-and latepassaged cells is shown in Fig. 5 .
Experiment 3: late-passaged CM cells were cultured in 0·8 mM glucose for several weeks (8 weeks). The glucose concentration was changed to 5·5 mM, 11 mM, and 22 mM; RNA was measured after 48 h. A significant increase in the insulin gene RNA expression at 22 mM glucose after 48 h was detected (Fig. 6) . In this experiment, a small but significant increase in the expression of the GLUT2 gene was observed at 22 mM glucose compared with the basal value (Fig. 7) . GLUT3 RNA levels were very low at all glucose concentrations, whereas GLUT4 RNA levels were undetectable, as expected.
Finally, glucokinase gene expression was measured in experiments 2 and 3. In experiment 2 there was no significant increase in GCK expression after 48 h (data not shown); in experiment 3 the increase in expression did not reach significant levels, despite showing an increase at all glucose concentrations (Fig. 8) .
In summary, these data show that CM cells from an early-passage express specific -cell genes in response to glucose stimulation, in particular the insulin and GLUT2 genes. Such capacity is lost at later passages when cells are cultured at standard glucose concentrations; however, if cultured at a lower glucose concentration (0·8 mM) for a longer time, CM cells re-acquire the capacity to respond to glucose stimulation.
cAMP content
To characterise the CM cell line, cells were stimulated with different types of test compounds. One of them was forskolin, a direct activator of adenylate cyclase (Wiedenkeller & Sharp 1983 , Malaisse et al. 1984 , Hermansen 1985 . Forskolin stimulated the cAMP production 70-fold above the basal value (Fig. 9) .
Stimulation of cAMP production was also tested with GLP-1, glucagon, and exendin-4 (a 39 amino acid peptide that shares 53% structure homology with GLP-1(7-36) amide), all of which act via G-protein coupled receptors. Both exendin-4 and GLP-1(7-36) amide compete specifically with the GLP-1 receptor from different cell types. Similar to GLP-1, exendin-4 has a pronounced effect on the production of cAMP (Göke et al. 1993) . Neither compound led to an increase in cAMP (Fig. 9) .
Control experiments were performed with the rat insulinoma cell line Ins-1 under comparable conditions. With this cell line each of the stimuli tested led to significant increases in cAMP concentrations indicating a viable adenylate cyclase system as well as an intact GLP-1 and glucagon receptor and receptor coupling (Fig. 9) .
Discussion
The aims of this study were to characterise the insulinoma cell line CM with respect to the expression of constitutive -cell genes and to evaluate the functional characteristics of these cells under different stimuli.
The results showed that CM cells are capable of responding to glucose stimulation enhancing the expression of mRNAs specific for insulin and GLUT. However, analogous to what has been shown by studies on other insulinoma cell lines (Robertson et al. 1992 ) CM cells tend to lose the capacity of secreting insulin when cultured continuously in the presence of high glucose concentrations and fail to respond consistently to glucose stimulation. Nevertheless, when the CM cells were cultured in 0·8 mM glucose for several weeks, the mRNA response to glucose stimulation was re-acquired although it was less pronounced compared with early-passaged CM cells.
Both radioimmunoassay and immunostaining showed that insulin was present in the CM cells; however, typical secretory granules studied by electron microscopy were not detected. Furthermore, insulin was undetectable in supernatants of cell cultures. These data, together with the studies on constitutive -cell genes confirm that the biosynthetic pathway for insulin is conserved in CM cells, but storage of insulin (intracellular granules) and secretion are somehow impaired.
The loss of insulin response to glucose by CM cells cultured in high glucose medium is reminiscent of the impaired insulin secretion present in non-insulindependent diabetics where first phase insulin secretion is lost when hyperglycaemia is present (Brunzell et al. 1976) . In animal models the role of glucose toxicity has been extensively studied, showing that normalisation of blood glucose in pancreatectomized rats restored normal insulin response (Rossetti et al. 1987) . It is interesting to note that GLUT2 gene expression, although present, shows a modest response to glucose stimulation. The role of GLUT2 in human islets is still debated and it may not be the key gene involved in glucose sensing in humans (Schuit 1997) . Furthermore, this is a common feature of insulinomas, where GLUT1 and/or GLUT3 transporters constitute the predominant types for glucose transport (Yamamoto et al. 1990 , Seino et al. 1993 .
In addition the gene for glucokinase, which has a high K m for glucose and catalyses a rate-limiting step in glycolysis ) showed a blunted response to glucose in late-passaged CM cells grown in 5·5 mM glucose. Glucose-induced alterations in another component of glucose sensing, with or without GLUT2 deficiency, may be implicated in insulin release defect.
In agreement with other studies on insulinoma cell lines (Hill et al. 1987) stimulation of CM cells with forskolin, a direct activator of adenylate cyclase (Wiedenkeller & Sharp 1983 , Malaisse et al. 1984 , Hermansen 1985 led to a greatly enhanced cAMP production exceeding basal values, indicating that CM cells possess a viable adenylate cylase system. In contrast glucagon or GLP-1, both of them acting via G-protein coupled receptors (Schuit & Pipeleers 1986 , Drucker et al. 1987 , Gefal et al. 1990 , Thorens 1992 , Thorens et al. 1993 showed no stimulatory effect on cAMP production. Both are known to be very potent stimulators of the adenylate cyclase system and hence should lead to a significant increase in cAMP content. Furthermore, exendin-4, a peptide which binds to the GLP-1 receptor and exerts agonistic activity (Göke et al. 1993) , did not affect the cAMP production. The reason neither of these compounds led to an increase in cAMP may be due to the fact that the coupling of GLP-1 and of glucagon receptors to the adenylate cyclase system is defective in CM cells. Reports from other -cell lines have shown that an increase in cAMP levels potentiates insulin secretion. Hill et al. (1987) reported that stimulation of cAMP production with forskolin results in a potentiation of the first phase of insulin release in HIT cells. Although we found a pronounced increase in cAMP levels after stimulation with forskolin, we were not able to detect an increase of insulin secretion in the CM cell line. In addition our attempts to increase insulin secretion by support of cell differentiation did not show the expected effect. So, neither coating cell plates with the extracellular matrix protein, fibronectin (Aoshiba et al. 1997) , nor stimulating cells with differentiation factors like butyric acid sodium salt or TGF-1 led to positive results (Pouillart et al. 1992 , Arias & Bendayan 1993 , Hao & Palmer 1995 .
Several conclusions can be drawn from our studies. First, the finding of reversible insulin mRNA expression and protein biosynthesis associated with culturing CM cells in low glucose concentration points towards intracellular events for the search of the deleterious effects of chronic hyperglycaemia in -cells, commonly referred to as glucose toxicity or glucose exhaustion. Secondly, the human insulinoma cell line CM, both in early-passaged and in late-passaged cells, shows a functional glucose signalling pathway and insulin mRNA expression similar to normal -cells, Therefore, it could serve as a good model for signalling and expression studies of -cells under different experimental conditions. Finally, the CM cell line could be a useful tool for cellular engineering studies, in order to create an insulin-secreting cell-line that resembles the performance of native -cells. In this respect it is important to note that the CM cell line, as a result of the difficulties in obtaining human -cell lines capable of continuous growth in vitro, is one of the very few existing human -cell lines in long-term culture.
